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Tweet: Local species richness is determined by regional species pool size, and additionally 17 
constrained by dispersal filters, and environmental suitability. This local pool is then further filtered by 18 
local site variables such as wet habitats or shallow soils, to create the observed diversity we observe at 19 
a very local scale. 20 
ABSTRACT  21 
Aim: Local richness is a result of both regional richness and local site-specific factors. We quantify the 22 
effects of different regional (dispersal, environmental filtering) and local (habitat selection, biotic 23 
interactions) community assembly processes in the Cape reeds (Restionaceae) of the Cape flora and test 24 
if community assembly processes vary spatially. 25 
Location: Southern Africa, Cape Floristic Region  26 
Taxon: Angiosperms, African Restionaceae (restios) 27 
Methods: We calculate local probabilistic species pools, based on local species richness, dispersal rates 28 
and environmental filtering at a 4 km² resolution. We then compare the relative contribution of the 29 
processes shaping the species pool spatially. Finally, we correlate observed species richness (based on 30 
916 circular, 10 m in diameter relevés) with the local species pools to test the explanatory power of 31 
additional local edaphic variables that could act as filters at very small scales. 32 
Results: There is substantial spatial variation in the local probabilistic species pools. Within the central 33 
part of the Cape, the local pools are mostly influenced by environmental filtering, while along the 34 
periphery dispersal limitation dominates. Observed species richness is lower than the predicted species 35 
pool size, which forms an upper boundary of the potential species richness for a local site. Local, site-36 
specific edaphic factors help to explain the remaining differences between local species pool size and 37 
α-richness. 38 
Main conclusion: The analytical framework for inferring local probabilistic species pools provides a 39 
powerful tool for including the influence of regional species richness on variations in relevé α-40 
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richness. This allows us to disentangle the various processes that operate at different spatial scales, and 41 
ultimately determine local restio species richness in the Cape Floristic Region. 42 
Keywords: α-diversity, Cape flora, environmental limits, community assembly, regional species 43 
pools, Restionaceae 44 
 45 
INTRODUCTION 46 
Community richness and composition are shaped by both regional richness and local site-specific 47 
factors. In the past two decades it has increasingly become accepted that the regional species pool 48 
provides a source of potential local species, and that different processes filter these regional pools into 49 
local communities (Cornell & Harrison, 2014). This simple model can be expanded by including species 50 
interactions, resulting in what (Lortie, Brooker, Choler et al., 2004) refer to as an “integrated community 51 
concept”. The relative contributions of filters related to dispersal, environment, or biotic interactions 52 
have attracted much attention and it has become increasingly obvious that all these filters need to be 53 
accounted for in an hierarchal fashion to obtain an assessment of their relative importance for building 54 
local communities.  55 
Regional richness is the result of three mechanisms: immigration, speciation and extinction (Cornell 56 
& Harrison 2014; Ricklefs, 1987). These mechanisms are, in turn, modulated by many different drivers 57 
and constraints, including available area, environmental heterogeneity, time, and degree of isolation 58 
(Ibanez, Keppel, Baider et al., 2018). The potential composition of any community (i.e. the local species 59 
pool, sensu Zobel, 1997) is that subset of the regional biota which can (a) reach that focal point, (b) 60 
survive in that environment, and (c) is not excluded due to biotic interactions with co-occurring species 61 
(Cornell et al., 2014; Lessard, Belmaker, Myers et al., 2012; Zobel, 1997). While the regional richness 62 
and the associated local species pools are spatially defined for islands and archipelagos (Ibanez et al., 63 
2018), it is much more difficult to define the local species pools of continental areas. Early approaches 64 
used predefined biogeographical regions or fixed environmental limits (e.g. Wüest, Litsios, Forest et al., 65 
2016) to delimit local species pools. Such approaches are, however, categorical, and use arbitrary region 66 
boundaries (Karger, 2016). Recently, two approaches to define probabilistic species pools of any focal 67 
site have been developed. Both determine the probability that a species can establish in the focal site 68 
from the dispersal ability and current distribution of the species and the suitability of the local habitat 69 
but differ in the way they take dispersal into account (Karger, 2016; Karger, Cord, Kessler et al., 2016; 70 
Lessard, Weinstein, Borregaard et al., 2016).   71 
When calculated probabilistically, the local species pool considers the size of the regional species 72 
pool and the factors determining it, and so can be used to test a wide array of hypotheses linked to 73 
community assembly (Cornell & Harrison 2014; Harrison et al., 2008, Pärtel, Szava-Kovats, & Zobel, 74 
2013). These include, for example, whether habitats influence species richness, whether there are 75 
phylogenetic biases in community assembly (phylogenetic community ecology, testing for phylogenetic 76 
clustering or over-dispersion) (Lessard et al., 2016), and whether there are geographical or trait biases 77 
(Lessard et al., 2016). 78 
Despite extensive research on the Cape flora of southern Africa (summarized in Allsopp, Colville & 79 
Verboom, 2014; Cowling, 1992) and its exceptional species richness (Linder, 2003; Manning & 80 
Goldblatt, 2012), we do not understand the processes that influence regional and local diversity in this 81 
region (Cowling, 1990; Cowling, Holmes & Rebelo, 1992; Kreft & Jetz, 2007). There is considerable 82 
regional variation in plant species richness (Manning et al., 2012), and the regional diversity is higher 83 
in the west than the east. The latter pattern has been postulated to be due to different diversification 84 
histories (Cowling, Bradshaw, Colville et al., 2017; Cowling & Lombard, 2002). However, α-richness 85 
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(i.e. relevé level) in the Cape flora has been reported to show no significant variation across the region 86 
as well (Cowling et al., 1992). 87 
Here we aim at disentangling the impact of dispersal limitation, environmental filtering, and biotic 88 
interactions on α-diversity. As a test case, we use the Restionaceae (hereafter restios) in the Cape 89 
Floristic Region (CFR). Restios are one of the ecologically dominant clades in the fynbos vegetation 90 
(Rebelo, Boucher, Helme et al., 2006), which is the most species rich vegetation in the hyper-diverse 91 
Cape flora (Linder, 2003). We first predict the LPSPs, and compare the predicted variation in richness 92 
to that documented before for restios and other clades in the Cape flora. We do not explore however 93 
what forces regional richness (e.g. the drivers of speciation, extinction and dispersal – see Wüest, 94 
Boucher, Bouchenak-Khelladi et al. (2019). Specifically, we first disentangle the relative contributions 95 
of the environment and dispersal in shaping the spatial variation in local restio richness. Then we explore 96 
how the relative importance of environment and dispersal varies spatially across the study region. 97 
Finally, we use a regression approach to compare potential explanatory edaphic variables for their 98 
filtering effect on the α-diversity, when taking the local species pool into account.  99 
MATERIALS AND METHODS 100 
Distribution and environmental data 101 
The geographical area of the study was delimited by the total range of all restios in South Africa. 102 
This is somewhat larger than the CFR (Manning et al., 2012), including also Namaqualand north to the 103 
Kamiesberg, the escarpment mountains leading to the Kamiesberg, and the adjacent coastal plain (Figure 104 
1). The restios from this whole region constitute the regional species pool or the regional richness. 105 
Distribution data of all restio species were compiled from the herbarium records in the Bolus 106 
Herbarium of the University of Cape Town and the Compton Herbarium of the South African National 107 
Biodiversity Institute. In addition, 916 circular relevés were sampled for restios. This dataset was 108 
carefully checked for both identification and locality errors. The final dataset constituted 12’903 109 
occurrence records for the 350 restio species including two infraspecific taxa.  110 
Relevé data were collected across the whole study area (Figure 1) to document species co-111 
occurrences at a local scale. With some exceptions the relevés were circular, 10 m in diameter, and each 112 
placed subjectively in a patch of homogenous vegetation. For each relevé all restio species were recorded 113 
(presence / absence data), in addition to a limited set of habitat variables, and the relevés were 114 
georeferenced using a GPS. The occurrence dataset, including the relevé data, is available on the 115 
DRYAD digital repository (https://doi.org/10.5061/dryad.1cs77qn). 116 
Climate data were taken from CHELSA 1.2 (Karger, Conrad, Böhner et al., 2017a; Karger, Conrad, 117 
Böhner et al., 2017b), available at www.chelsa-climate.org. We selected a set of seven bioclimatic 118 
variables with seven additional climatic variables aggregated from monthly mean-, maximum-, and 119 
minimum temperatures, as well as monthly precipitation, plus a further 12 topographic variables and 120 
one geological layer. From the set of 27 available environmental predictor layers we selected a subset 121 
of predictors to avoid collinearity between predictors. A full set of the variables used and the 122 
methodology is described in Supplementary Information Appendix S1. 123 
 124 
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125 
Figure 1: Study area at the southern tip of Africa, terrain elevation, and the locations of the relevés in 126 
red. The right inlet shows the location of the Cape Floristic Region with respect to the southern part of 127 
Africa. The left inlet shows Hypodiscus aristatus (© H. Peter Linder).  128 
 129 
Geological data were obtained from the South African Council for Geoscience (downloaded in 130 
January 2018 from http://www.geoscience.org.za), and describe the geology of South Africa at a 131 
resolution of 1:1’000’000 using 496 classes. We simplified these to six classes -  calcrete, granite, recent 132 
sand, silcrete, sandstones, shale, others (including water-bodies and classes outside the CFR; details of 133 
conversion see (Wüest et al., 2019) – which we assume to reflect important soil characteristics for plants. 134 
Building local probabilistic species pools 135 
We used correlative species distribution models (SDMs) to estimate the potential distribution of 136 
restio species within the study area. We set the minimal number of occurrences per species to 30, 137 
consequently 130 out of the 350 restio species could be modeled (Table S1). In an ensemble approach, 138 
we used the four statistical models GLM (Nelder & Wedderburn, 1972), GAM (Hastie & Tibshirani, 139 
1990), Random Forest (Breiman, 2001) and MaxEnt (Phillips, Anderson & Schapire, 2006) to model 140 
restio occurrence based on climatic and geological information. We outline in Supplementary 141 
Information Appendix S2 how we fitted the four models in R (R Development Core Team, 2017). All 142 
models were cross-validated using a split-sample approach, where the data were randomly split into a 143 
training part (70% of the data) and a testing part (30% of the data). We repeated the split sampling 100 144 
times and evaluated predictive performance using the True Skills Statistic (TSS, Allouche, Tsoar & 145 
Kadmon, 2006). The probability of presence for each species was obtained as an ensemble by 146 
unweighted averaging the predicted habitat suitability values from the four models (Supplementary 147 
Information Appendix S2). We further generated binary maps, where probabilities of occurrence from 148 
each model and each species were transformed into presence-absence by applying a threshold that 149 
optimized TSS. A consensus map for each species was generated by summing up the binary maps, where 150 
consensus presence was assumed only if all models agreed on presence. The subsequent richness values 151 
were then aggregated from these individual models, as stacked SDMs (S-SDM - Guisan & Rahbek, 152 
2011). 153 
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The probabilistic species pool size index in a grid cell( 𝛹𝛹𝑖𝑖 , 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠Karger 𝑠𝑠𝑒𝑒 𝑎𝑎𝑎𝑎. 2016, hereafter 154 
LPSP): 155 𝜓𝜓𝐸𝐸𝐸𝐸 =𝑖𝑖 � � 𝑝𝑝𝑥𝑥𝑥𝑥 𝑛𝑛𝑥𝑥=1𝑆𝑆𝑥𝑥=1  156 
was calculated by multiplying the probabilities (Px) for n filters (E=Environment, D=Dispersal), with 157 
x being probabilities based on environmental or  dispersal, for a species s,  for each 2 x 2 km grid, i.e.: 158 
Where s is a species from the regional pool S, x is a probabilistic factor (here: environmental conditions 159 
and dispersal probability), and pxs is the occurrence probability of species s in grid cell i given the 160 
probabilistic factors x1…n. Environmental probabilities come from ensemble SDMs (see Supplement S2).  161 
The environmental pool is derived by summing the probabilities of the stacked SDMs of all included 162 
species. As these are based on estimated species environmental niches, this reflects the regions in which 163 
species can occur based on their environmental preferences. By using only environmental variables (and 164 
neglecting the dispersal capacity and local population dynamics of species), SDMs generally predict 165 
potential ranges of the species that are larger than the realized ranges (see Cabral & Schurr, 2010; Schurr, 166 
Pagel, Cabral et al., 2012).  167 
To estimate the dispersal pool we first estimated the dispersal rate for each species using the R 168 
package “dispeRsal” (Tamme, Gotzenberger, Zobel et al., 2014), which considers the dispersal 169 
syndrome (ant, wind, or ballistic), the plant height, and the growth form. This was turned into a dispersal 170 
distance by assuming that the average generation time of restios is 13 years, as they germinate only after 171 
fire events, assuming an average fire return time of 10 years (Kraaij & Van Wilgen, 2014), and flower 172 
after three years, and by allowing dispersal to run for 10k, 20k, 30k, 40k, 50k and 60k generations. As 173 
starting points for the dispersal we used the edges of the range maps generated as the intersection of the 174 
consensus SDMs and a polygon created from the occurrence points with a 5 km buffer. 175 
Dispersal probabilities 𝑃𝑃𝐸𝐸 were calculated assuming that each species has a probability of reaching a 176 
cell (n) based on its presence in a total of N occupied cells located distance dn from each occupied cell: 177 
𝑃𝑃𝐸𝐸,𝑛𝑛 = 1 −�(1 − 𝑠𝑠−𝑘𝑘𝑘𝑘𝑛𝑛)𝑁𝑁𝑛𝑛=1  178 
 (Bischoff 2005) with N being the total number of cells occupied by the species, and k being a rate 179 
constant representing the dispersal ability of species over a given distance d and time.  180 
To address the geographical patterns in the relative contributions of the three pools, we divided the 181 
local (cell-wise) species richness resulting from each pool by each other pool. 182 
Table 1. Diversity at different spatial grains, their data sources, and major governing processes. 183 
Name Grain Source Processes and filters 
Regional species pool 
(RSP) 
Cape Floristic Region All restios occurring 




see Wüest et al, 2019 
Local probabilistic 
species pool (LPSP) 




α-diversity = observed 
relevé  
78.5 m2 Observed local habitat variables at 
the relevé 
 184 
Environmental variables at the scale of the relevé  185 
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As measure of observed relevé α-diversity, we used the species richness in each individual relevé. 186 
As α diversity is bounded by the LPSP, we needed to account for the variation in the LSP before 187 
analysing the unique contribution of the local habitat variables. We did so by using the difference 188 
between the LPSP and α-diversity (or “dark diversity”, sensu Pärtel 2011) as response in a generalized 189 
linear model with Gaussian error distribution.  190 
To investigate the effect of local environmental factors, we used the richness predicted by the LPSP 191 
to account for the bounded diversity. Climatic variation cannot be seen as one of the local environmental 192 
factors, as many of the relevés are spatially clustered, less than 1 km apart, and climatic variation is at a 193 
much larger spatial scale. Furthermore, climate variables were already included in LPSPs. This leaves 194 
soil and bedrock variables that have been suggested to be important in the CFR (Linder, 2005). Bedrock 195 
type has long been seen as critical for determining variation in the vegetation, with fynbos vegetation 196 
(and restios) most commonly found on sandy soils derived from sandstones, quartzites, granites and 197 
calcretes, and shrubby renosterveld vegetation more commonly inhabiting heavier soils derived from 198 
shales (Rebelo et al., 2006). Ground-water availability is an important variable for Cape restios in 199 
particular (Araya, Silvertown, Gowing et al., 2011; Huber & Linder, 2012) and for the Cape fynbos in 200 
general (Sieben, Boucher & Mucina, 2004). The rockiness, or degree of rock covering, has long been 201 
included in fynbos studies (e.g. McDonald, 1993a; McDonald, 1993b; McDonald, 1993c). In each of 202 
these edaphic variables, the most common state was taken as the norm (for bedrock type “sandstone”, 203 
for ground water “well-drained”, and for rockiness of soils “pebbly”). Additionally, we included the 204 
elevation of each relevé as a predictor variable. 205 
We used a linear regression model with rockiness, bedrock type and ground-water availability 206 
predictors and the difference between LSP and α diversity as the response variable. We generated 95% 207 
confidence intervals (CIs) of the effects by sampling the estimated distribution of the effect (given by 208 
the point estimate and its standard error) using the ‘arm’ R-package (Gelman & Su, 2018). We assessed 209 
significance of the effects by inspecting whether the CIs included zero. 210 
All analysis have been done using R (R Development Core Team, 2017) and the R package probpool 211 
is available at https://github.com/ChrKoenig/probpool. 212 
 213 
RESULTS 214 
Species richness 215 
The stacked binary occurrences show that the diversity of restios is unevenly distributed across the 216 
Cape with a richness centre in the SW Cape and a reduction in richness to the N, E and NE (Figure 2a). 217 
Species richness is mostly concentrated in the mountains, with a much lower species diversity on coastal 218 
plains in inter-montane valleys. 219 
Local probabilistic species pool 220 
The three probabilistic pools are summarized in Figure 2. The environmental pool (Figure 2b) is very 221 
similar to the stacked binary occurrences (Figure 2a), but as it uses the summed probabilities it shows a 222 
more gradual transition in richness. The dispersal pool (Figure 2c) is strongly influenced by the number 223 
of generations (see SI Figure S1). With dispersal calculated over 10 000 generations (Fig. 3) the major 224 
valleys in the SW Cape are not crossed, and with 60 000 generations all of the SW Cape is within reach 225 
of the species located on the SW Cape mountains. The resultant spatial pattern of the probabilistic pools 226 
(Figure 2d) is little influenced by the number of generations used for the dispersal pool (Supplementary 227 
Information Appendix S3). The strongest influence is visible on the coastal plains between the Cape 228 
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Peninsula, the Kogelberg, and along the coast towards Cape Agulhas. The absolute number of species 229 
however increases with the number of generations considered. 230 
 231 
Figure 2. Spatial variation in the sizes of the probabilistic species pools for Restionaceae in the Cape 232 
Floristic Region. a) Inferred species richness obtained by summing the binary stacked species 233 
distribution models (SDM). b) Environmental pool, obtained by the summed individual probabilities of 234 
the SDM. c) Dispersal pool, summed from the binary SDM with dispersal kernel around each species 235 
occurrence, calculated over 30 000 generations. d)  LPSP, which is the environmental pool x dispersal 236 
pool. 237 
Strength of regional filters 238 
We found a strong spatial pattern in the relative importance of the dispersal and environmental 239 
filtering in assembling the LPSPs (Fig.3). Dispersal has a larger impact than environmental filtering 240 
towards the N and E ends of the region at low generation times, whereas environmental filtering seems 241 
more efficacious than dispersal inside the CFR, mostly in the lowlands, where both soils and climate are 242 
not suitable for restios (Figure 3). Additionally, when we look at dispersal over a large number of 243 
generations, environmental filtering becomes more important relative to dispersal, indicating that there 244 
are large environmental barriers for restios that largely prevent them from spreading from their area of 245 
origin. In the environmentally unsuitable intermontane valleys surrounded by environmentally suitable 246 
mountains, there is no dispersal limitation, and hence the major impact is environmental. The eastern 247 
and northern extremes might be partly environmentally suitable for restios, but few species can reach 248 
these regions. The number of generations over which the dispersal pool is calculated has a major impact 249 
on the extent of the region predominantly influenced by dispersal, but not on the basic pattern of 250 
environmental filtering. After only 10 000 generations, the dispersal pool is relatively more important 251 
than the environmental filtering over about half of the study region. This includes, in addition to the 252 
northern and eastern extremes, the northern and central parts of the western coastal plain, parts of the 253 
southern coastal plain, and the lowlands inland of the fold mountains. With an increase in the number 254 
of generations for calculating the dispersal pool, the relative filtering effect of dispersal is reduced and 255 
the absolute number of species in the local probabilistic pools increases (SI Appendix S3). 256 
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257 
Figure 3. Spatial variation in the relative importance of environment versus dispersal filters (ratio: 258 
dispersal pool (Ψdisp)/environmental pool (Ψenv)) for restio species richness in southern Africa. The 259 
lower the ratio, the stronger the pools are dispersal filtered. The marginal plots are created by calculating 260 
the mean along latitude and longitudes for Ψdisp , and Ψenv. Ψdisp is based on 30’000 generations. For 261 
examples of other dispersal pools see Supplement S1. 262 
Drivers of species richness at the scale of the relevé  263 
The difference between the predicted LPSP and the observed α-diversity at the relevé scale (Figure 264 
4A) likely has two sources. The difference in absolute values is probably a result of the much larger 265 
spatial scale of the predicted pools (4 km2) compared to the relevés (78.5 m2), and the variation in this 266 
expected relationship (Figure 4B), could be due to habitat filtering at the scale of the relevé. 267 
 268 
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 269 
Figure 4. Relevé α-diversity per relevé of Cape restios versus the probabilistic species pool size at 2 x 270 
2 km resolution. a) Scatterplot of observed local species richness per relevé (78.5 m2, y-axis) against the 271 
probabilistic local species pool (4 km2, x-axis), showing that the maximum observed richness in relevés 272 
is bounded by the local species pool. Grey lines where fitted using a quantile regression with the 273 
respective quantile indicated at the right (.99,.95,.75,.35). b). Scatterplot of the difference between LPSP 274 
sizes and relevé α-diversity (∆S) plotted against the LPSP. Three different dispersal only pools, 275 
calculated for three different numbers of generations, are shown. Observed species richness is a more 276 
or less constant proportion of the probabilistic species pool. The variance between dispersal pools and 277 
observed richness can be explained by macro environmental filtering plus local forcing variables. The 278 
remaining deviation from a linear relationship is to be explained by local forcing variables in case of the 279 
Ψdisp30000+envp. 280 
 281 
The degree to which the different predictors used in the generalized linear model contributed to 282 
filtering species pools into local assemblages varies considerably (Figure 5). Among bedrock types the 283 
greatest reduction in species richness is found on limestone, deep sand and shale, with a tendency to 284 
lower richness on granite, and no significant impact from laterites. No filtering is assumed for the 285 
widespread sandstones. For soil drainage, wetland habitats (marshes, seepages, streambanks and areas 286 
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with impeded drainage) have reduced species richness, and the well-drained habitats and valley-bottoms 287 
without a filtering effect. Rockiness of the soil also has an impact, with relevés with bedrock with 288 
significant lower species richness than predicted. 289 
290 
Figure 5. Confidence intervals for the parameter estimates of the generalized linear model of habitat 291 
predictors of differences between LPSPs and relevé α diversity in the restios of the Cape Floristic 292 
Region. Positive values result from a negative interaction between the variable and the residuals of 293 
observed richness, and indicate that this variable acts as a filter. Significant variables have confidence 294 
intervals that do not encompass zero. Abbreviations: Grndwtr = Groundwater. 295 
DISCUSSION 296 
Our analytical framework showed that the relative importance of environmental filtering and dispersal 297 
limitation in the restios of the Cape Floristic Region of southern Africa displays substantial spatial 298 
variation. Dispersal is more limiting at the northern and eastern extremes, whereas environmental 299 
filtering is more important in the central parts of the region. We calculated the LPSPs at a resolution of 300 
2 x 2 km by combining modelled distributions with dispersal and environmental filters and used these 301 
LPSP predictions as the expected species richness, and showed the degree at which observed richness 302 
at the relevé scale is significantly modulated by bedrock type, soil drainage and rockiness of the habitats. 303 
Local probabilistic species pools 304 
This is the first high-resolution estimate of the variation in local restio richness across the Cape 305 
Floristic Region, consequently its reliability is important. The LPSP size is highest in the western 306 
mountains, from Cape Agulhas northward to the Cederberg, and including the Cape Peninsula, and is 307 
low in the lowlands and the Cape east of 20 degrees E (the southern and eastern Cape). This pattern 308 
closely matches with what is known of the variation in the floristic species richness in the Cape (Cowling 309 
et al., 2002; Levyns, 1954; Oliver, Linder & Rourke, 1983) and is also evident from relevé data. Cowling 310 
et al. (2017) referred to this east-west diversity gradient as “Levyns’ Law”, and discussed the possible 311 
reasons for this richness gradient. This pattern has also been repeatedly shown for the restios, first by 312 
Oliver et al. (1983), subsequently by Linder and Mann (1998) for Thamnochortus and Moline and 313 
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Linder (2006) for Elegia. Consequently, our restio probabilistic pool is consistent with existing 314 
knowledge about restio species richness patterns. 315 
However, how accurate are our results in detail? There are several potential refinements which might 316 
improve accuracy of our predictions. Here, the most important is probably a more realistic dispersal rate 317 
for individual restio species. Although we used an estimate of the dispersal rate of each species as 318 
baseline for the kernel, this is based on rather crude assumptions. In reality, we have no empirical 319 
estimates of this rate. Furthermore, setting probabilistic species pools requires a time frame for which 320 
these pools are calculated. Dispersal is a rate over time, consequently the pool size is time dependent. 321 
Here, we incorporated this by using six timeframes for comparison. The general pattern does not change, 322 
but for shorter time frames the absolute values of the species pool size are lower and the influence of 323 
the dispersal filter relative to the environmental filter is higher. By giving a time frame, we can however 324 
set a reference frame for which the statistical inference holds true, for example the duration during which 325 
conditions in current barriers are suitable for the species.  326 
A second issue might arise from the interaction matrix. We assume that co-occurrence patterns are 327 
indicative of biotic interactions. The available dataset might be too small for a robust assessment of the 328 
co-occurrence rates, as these have shown to be very data-intense (Gallien, Zurell & Zimmermann, 2018). 329 
Furthermore, calculating co-occurrence assumes that there is no microhabitat variation within a relevé. 330 
This assumption may hold for deep soils, but is probably not true for rocky soils or complex landscapes, 331 
such as those found in the mountains. Finally, we assume that circular relevés of 10 meter diameter are 332 
small enough to capture co-occurrences well, but we are aware that fixed relevés have edge effects.  333 
The final issue concerns the species for which SDMs could not be constructed. Species distribution 334 
models could be constructed for only 130 of the 350 restio species, for which enough location points 335 
were available. Many of these species for which SDMs could not be constructed are particularly range 336 
restricted, some 40 species are known only from single populations, and most are found in the western 337 
part of the Cape (Linder, in prep). Consequently, this could lead to an underestimation of the LPSPs in 338 
the western part of the Cape, relative to the eastern part. To avoid such effects, we removed all species 339 
for which SDMs could not be built from all subsequent analysis.  340 
The processes leading to these regional pool differences (immigration, speciation and extinction) are 341 
discussed in Wüest et al. (2019). Although our probabilistic species pools contain information on the 342 
composition of the restio flora, we focus only on the species richness in this study. 343 
Dispersal and environment filters 344 
Dispersal is relatively more important in the northern and eastern extremes of the Cape region, 345 
whereas environment is more important in the central region. The environmental gradients are much 346 
steeper in the south-western mountains than in the more subdued landscapes in the eastern and northern 347 
extremes, these steeper gradients most likely increase the intensity of environmental filtering in the SW 348 
mountains. The extent of the region where dispersal is more limiting than environmental filtering 349 
depends on the time-scales over which dispersal is calculated, and on the absolute dispersal rates used. 350 
This is intuitively appealing, as dispersal, and consequently probabilistic species pools, are time related. 351 
This time component is usually not considered in species pool delineations, but the question “which 352 
species can occur where” naturally is followed by the question: “when”? Given that enough time has 353 
passed, species should be able to achieve a global or at least continental distribution. Interestingly, 354 
however, the strength of the filters at the relevé scale (mainly soil) are not influenced by the time frame 355 
chosen. 356 
The implications are that, given the current climate, ranges in the centre of the Cape Floristic Region 357 
are environmentally limited, whereas in the northern and eastern extremes they are dispersal limited. 358 
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However, it seems more likely that during the glacials climate change at the extremes may have had a 359 
relatively greater impact on the restios, than the centre (summarized in Wüest et al., 2019). The temporal 360 
context is that the Last Glacial Maximum was less than 10.000 generations ago. The implications of this 361 
spatial variation in the mechanisms of regeneration regional richness has not yet been adequately 362 
explored. 363 
Local probabilistic species pool and relevé richness 364 
Our results show that the size of the LPSP strongly impacts species richness at the relevés, and that this 365 
relationship is non-linear (e.g. Ibanez et al., 2018; Ricklefs & He, 2016), which Rosenzweig and Ziv 366 
(1999) referred to as the “echo pattern”. This could imply presence of community saturation. In one of 367 
the first studies to explore this relationship Terborgh and Faaborg (1980) showed extensive saturation 368 
of communities for West Indian birds. Karger, Weigelt, Amoroso et al. (2014) found that saturation 369 
increases with decreasing spatial grain size for fern communities in Melanesia. There are, however, 370 
several problems with interpreting our results as evidence for or against saturation. Saturation is always 371 
context dependent (Olivares et al 2018), and in the case of the restios, we could argue that some relevés 372 
(the ones reaching the upper asymptote of Figure 4a), are saturated with respect to the LPSP. However, 373 
we cannot show that these relevés are also at equilibrium, or that other plant groups may affect the 374 
competitive relationships, which would be additionally necessary to confirm saturation (Olivares et al 375 
2018). In an ecosystem with remarkable turnover in species composition at relevé level, as shown for 376 
the Cape Point reserve (Slingsby, Merow, Aiello-Lammens et al., 2017), and with high habitat dynamics 377 
(e.g. fire on a decadal scale), data on temporal turnover would be needed to confirm saturation. Overall, 378 
our results suggest that relevé richness is not saturated (Cornell et al., 2014).  379 
Environmental variables at the scale of the relevé  380 
With four exceptions (lateritic bedrock, valley-bottom groundwater, and habitats with boulders, and 381 
habitats without rocks), the rarer habitats have fewer species compared to the more common habitats 382 
(sandstone bedrock, well drained, and soils without groundwater, and pebbly soils). Well-drained 383 
sandstone slopes with pebbly soils may be regarded as the zonal habitat of fynbos, and generally can be 384 
considered the matrix in which pockets of poorly drained soils, other bedrock types, and local patches 385 
of soil without pebbles, or with bedrock, are embedded. Presumable this more extensive habitat on the 386 
regional scale means that it is more species rich due to species area relationships, ergo more widespread 387 
habitats contain more species. Consequently, relevé in these habitats should also have, as we show, a 388 
higher α diversity. In addition, the fragmented distribution of these rarer habitats might mean that they 389 
undersample the regional habitat-defined species pools, whereas this does not apply to the unfragmented 390 
widespread habitat types. This could further reduce their α diversity. The implication is that it is not the 391 
habitat per se that limits α diversity, but the spatial extent and structuring of these habitats. To evaluate 392 
the effect of only the habitat variables, we would need to factor out the spatial extent of the habitats, 393 
information which is currently not yet available. 394 
Previous studies (Cowling, 1990; Cowling et al., 1992) have failed to find habitat correlates of relevé 395 
α-diversity. However, these included all species (not only restios), did not include soil drainage, and 396 
possibly most importantly did not factor out the effects of regional diversity. It is possible that our results 397 
were biased by including only species with 10 or more occurrences for which SDMs could be modelled, 398 
and that the rare habitats have disproportionally more rare species than widespread habitats. However, 399 
as the local species pool is assessed at a 2 x 2 km scale, but the observed richness at a 10 m diameter 400 
scale, this should result in an overestimation of the diversity in the rare habitats (the habitat specific rare 401 
species were included in our relevé data used as estimate of α diversity, but they were most likely not 402 
included in the estimation of the regional pool size). We argue that therefore, our results underestimate 403 
the differences between the rare and the common habitats.  404 
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This is the first demonstration in the Cape flora fynbos that habitats (or the spatial extent of habitats) 405 
impact relevé, α-diversity, albeit only for restios. It is unclear whether this applies to the flora as a whole, 406 
and consequently to what extent restios can be used as proxy for the whole fynbos flora. 407 
CONCLUSIONS 408 
We present an analytical framework that is very effective at exploring the factors limiting α-diversity, 409 
as it sets up null expectation in the form of probabilistic local species pools which mimics the influence 410 
of regional-scale processes. This allows us to disentangle both macro- and local-scale process, while 411 
retaining their hierarchical structure, namely the contributions of dispersal, environmental filtering, and 412 
habitat parameters at the scale of the relevé. Dispersal and environmental filters are not equally 413 
distributed in the Cape Floristic Regions. What is not explained by regional factors, can be explained by 414 
variables varying at the scale of the relevés such as soil conditions. 415 
We show for restios in the Cape flora that, at a macro-scale, environmental filtering is relatively 416 
important where the environmental gradients are steep, and dispersal limitation is important away from 417 
centres of diversity. Having disentangled regional variables, we can show, at a micro-scale, soil 418 
conditions are what is limiting the local α-diversity.  419 
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